Guanine-plus-cytosine (G + C) content determinations, deoxyribonucleic acid (DNA) relatedness estimations, and phenotypic similarity analyses of 90 strains identified previously as Bacillus coagulans Hammer 1915 revealed that 52 (group 1) strains were Bacillus coagulans sensu stricto; 30 of the remaining organisms segregated into two distinct DNA relatedness groups, one consisting of 26 (group 2) strains and the other of 4 (group 4) organisms. Five (group 3) strains were Bacillus licheniformis, and three (group 5) strains were B. stearothermophilus. Because group 2 was a major cluster of strains which did not correspond in their characteristics to any previously known group, efforts were made to determine its taxonomic position. Group 2, with G+C contents ranging from 37 to 40 mol%, was compared with other species generally characterized as having G+C contents ranging from 37 to 44 mol% or capable of growing at 50°C or both (namely, Bacillus alcalophilus, Bacillus azotoformans, Bacillus badius, Bacillus firmus, Bacillus globiformis, Bacillus laterosporus, Bacillus macquariensis, Bacillus marinus, Bacillus megaterium, Bacillus pumilus, and Bacillus subtilis). Low DNA relatedness values and poor matching of phenotypic characteristics strongly indicated that group 2 organisms are strains of a new species, for which the name Bacillus smithii is proposed. The type strain of the new species is strain NRRL NRS-173.
Bacillus coagulans is an economically important species because it is frequently involved in the coagulation of canned milk and flat-souring of other carbohydrate-containing canned foods (17). The production of high concentrations of L-(+)-lactic acid causes the spoilage (40) . Hammer first isolated this thermoduric organism from spoiled canned milk and described it as a new species in 1915 (22). In ensuing studies, morphological and physiological inconsistencies exhibited by the species have perplexed taxonomists. For example, Smith et al. (49, Bradley and Franklin (3, and Seki et al. (43) observed that the morphologies of the cells, spore surfaces, and sporangia could vary from strain to strain. Based on similarity analyses of API tests, Logan and Berkeley (26) noted that many B. coagulans strains clustered outside the B. coagulans phenon. Wolf and Barker (51) and Klaushofer and Hollaus (23) identified two types based on differences in maximum growth temperatures and in some physiological and biochemical characteristics, such as growth at pH 4.5 and 7.7, growth at 60"C, production of acetylmethylcarbinol, coagulation of litmus milk, and fermentation of arabinose, mannitol, starch, and sucrose. In contrast, strains studied by Gordon and Smith (19) did not separate so neatly into two distinct groups. Moreover, Priest et al. (38) demonstrated an overall homogeneity of B. coagulans by performing a numerical analysis of data published by Gordon et al. (18) . The high variability has undoubtedly encouraged the creation of subjective synonyms, such as "Bacillus thermoacidurans" (3), "Bacillus dextrolacticus' ' (l), "Bacillus thermoacidificans" (39) , and "Lactobacillus cereale" (35) .
The reported wide range of 41 to 55 mol% for the guanineplus-cytosine (G+C) contents of deoxyribonucleic acids (DNAs) (6, 30, 37) indicated genetic heterogeneity in B. coagulans. Blumenstock (Ph.D. thesis, University of Gottingen, Gottingen, Federal Republic of Germany, 1984) 13acillus pumilus Meyer and Gottheil 1901 NRRL NRS-272T (= DSM 27T), Bacillus stearothermophilus Donk 1920 NRRL 13-1172T (= DSM 22T), and Bacillus subtilis (Ehrenberg 1835) Cohn 1872 NRRL NRS-744T (= DSM loT). These strains are maintained by the Agricultural Research Service Culture Col-1,ection (NRRL) at the Northern Regional Research Center, Peoria, Ill., and by the Deutsche Sammlung von Mikroorganismen (DSM), Gottingen, Federal Republic of Germany. The NRRL strain designations include the prefixes B-and NRS-; the prefix B-denotes strains that were obtained directly from a source or strains that were isolated at the Northern Regional Research Center, and the prefix NRS-designates strains of the Bacillus collection of N. R. Smith, which has been deposited in toto at the Northern Regional Research Center by R. E. Gordon.
For maintenance all strains were grown on nutrient agar containing 5 mg of MnSO, per liter or soil extract agar (18) until spores were formed. B . coagulans was grown at 45"C, B. stearothermophilus was grown at 50"C, B. globisporus, B. macquariensis, and B. marinus were grown at 25"C, and all other strains were grown at 30°C. The cultures were stored at 4°C and were transferred semiannually.
DNA investigations. The cells were grown in nutrient broth under agitation and were harvested by centrifugation in the late logarithmic growth phase. Previous publications have described the procedure for preparing highly purified DNA samples by hydroxyapatite chromatography (34) and the methods used for estimating the extent of DNA reassociation by spectrophotometric determination of renaturation rates with a Gilford model 2600 ultraviolet spectrophotometer equipped with a model 2527 thermoprogrammer (8, 34) . DNA relatedness values were calculated by using the equation of De Ley (14).
The buoyant densities of DNA samples were measured by CsCl density gradient centrifugation in a Beckman model E ultracentrifuge to determine G+C contents (42 Characterization. Morphological properties were examined by phase-contrast microscopy, using slides coated with a thin layer (1 mm) of purified agar (catalog no. 1613; Merck & Co., Inc., Rahway, N.J.). The sizes of cells were calculated from photomicrographs (Photomicroscope 11; Zeiss). The mode of flagellation was examined by using the staining method described by Mayfield and Inniss (31) or Kodaka et al. (24) . To determine the Gram reaction, we used the method of Bartholomew (2), with n-propanol as the decolorizing agent. The Gram reaction was compared with lysis of cells by 3% (wthol) KOH (20) and the Cerny aminopeptidase test (7). The maximum growth temperature was tested in a thermostatically controlled water bath in 5°C intervals. The cultures were inoculated onto nutrient agar slants.
Unless stated otherwise, the methods of Gordon et al. The organic acid utilization tests included acetate, fumarate, malate, and succinate tests in addition to citrate and propionate tests. For these utilization tests, the basal medium was modified to contain (per liter) 0.5 g of yeast extract, 0.4 g of MgSO,. 7H,O, and 0.03 g of bromthymol blue. Medium containing no organic acids was used as a control. Arginine, lysine, and ornithine decomposition was determined in Moeller decarboxylase broth (32) . Hydrogen sulfide production was detected by stab culturing in triple sugar iron agar (21). Urease activity was determined by the method of Edwards and Ewing (15). Acetylmethylcarbinol was detected with reagents described by Coblentz (9). Hydrolysis of pullulan was determined by the methods of Morgan et al.
B-14312, NRRL B-14313, NRRL B-14314, NRRL B-14315, (33) . The oxidase reaction and hydrolysis of chitin and DNA were determined by the method of Cowan (11). Diaminopimelic acid in the vegetative cell walls was determined qualitatively by the thin-layer chromatographic method of Kutzner (25) . The qualitative menaquinone contents of vegetative cells were determined by the method of Collins et al. (10) .
In addition to the standard methods used in Bacillus diagnostics, the API 20E and API 5OCHB test systems were used according to the instructions of the manufacturer.
Numerical analyses. The organisms were screened for 49 differential characteristics, and positive and negative results were coded as 1 and 0, respectively. Similarity among strains was estimated by means of the simple matching coefficient, and clustering was based on the unweighted pair group arithmetic average algorithm (46, 47) . Computations were carried out with an IBM PC computer by using the TAXO-NOPC program of D. Labeda (Northern Regional Research Center). Table 2 , the 90 B. coagulans strains separated into three clusters. The 57 strains in the largest cluster (groups 1 and 3) had G+C contents ranging from 45 to 47 mol%, a range that included the base content (45 mol%) of type strain NRRL NRS-609. Of the 33 remaining organisms, 30 had G+C contents which ranged from 37 to 40 mol% (groups 2 and 4), and 3 had G+C contents which ranged from 52 to 53 mol% (group 5).
RESULTS

Based on the analyses of G+C contents shown in
As indicated by the data in Table 2 , the strains studied could also be separated in five distinct DNA relatedness groups. Group 1 included 52 strains with G+C contents ranging from 45 to 47 mol%, and these strains gave high DNA complementarity values of 76 to 100% with B . coaguluns type strain NRRL NRS-609 (= DSM 1). As shown in Table 3 , DNA relatedness values of 16 to 34% were measured between the group l reference strain and the following strains of currently recognized species: B. alvei NRRL B-383T, B. badius NRRL NRS-633T, B . brevis NRRL NRS-604T, B. licheniformis NRRL NRS-1264T, B . macerans NRRL B-4267T, B. polymyxa NRRL NRS-llOST, B. stearothermophilus NRRL B-1172T, and B. subtilis NRRL NRS-744T. These currently recognized species were selected because they grow at 50 to 60°C or have G+C contents of 43 to 52 mol% or both.
Group 3 organisms had G+C contents of 45 to 46 mol%. However, low DNA reassociation values of 18 to 31% measured with the group 1 reference strain indicated that the group 3 organisms were not closely related genetically to group 1 (Table 2) . Group 3 consisted of reference strain NRRL B-4284 and four other strains with which high DNA relatedness values (99 to 100%) were obtained. B. licheniformis NRRL NRS-1264T and reference strain NRRL B-4284 were closely related genetically, as suggested by the 100% relatedness of their DNAs (Table 3) . High DNA relatedness values of 95 to 100% (data not shown) were also observed between strain NRRL NRS-1264T and other group 3 strains. Included in groups 2 and 4 were strains with G+C contents of 37 to 40 mol% (Table 2) . Although selected strains yielded low DNA complementarity values of 14 to 37% with group 1, 3, 4, and 5 reference strains, group 2 strains (26 strains) gave high DNA relatedness values of 78 to 100% with reference strain NRRL NRS-173. Group 4 consisted of reference strain NRRL NRS-139 and three genetically closely related strains (DNA relatedness values, 99%). Low DNA relatedness values of 20 to 34% were measured between group 2 and 4 reference strains and the type strains of the currently recognized species (Table 3) . Group 5 included three strains that have G + C contents of 52 to 53 mol% and give high DNA complementarity values with reference strain NRRL B-14317. Low levels of DNA relatedness to their reference strains (27 to 36%) indicate that group 5 is not closely related genetically to group 1 , 2 , 3 , or 4. The high level of DNA relatedness of B. stearothermophilus NRRL B-1172T and NRRL B-14317 suggests that group 5 must be B . stearothermophilus (Table 3) . Figure 1 is a dendrogram, based on phenotypic characters and plotted from computer-generated linkage data, that shows the clustering of strains by using a simple matching coefficient and an unweighted average-linkage algorithm. At a similarity level of 85%, the matrix formed five phena. Significantly, the strains found in any one of the phena were also the strains collected into groups on the basis of their high levels of DNA relatedness. For example, the strain NAKAMURA ET AL. Table 4 . These data clearly demonstrated that each of the five DNA relatedness groups not only is genetically distinct but also it phenotypically distinct. A total of 9 group 1 and 22 group 2 strains were further characterized by using the API 20E and API SOCHB systems (Table 5 ). The results from the API system tests and the standard tests were generally similar. Discrepancies were found in the number of strains that produce acid from glycerol and starch and that synthesize acetylmethylcarbinol. In their study of Bacillus spp., Logan and Berkeley (27) similarly observed the tendencies of the API 20E system to give higher numbers of positive acetylmethylcarbinol tests than the standard procedure. The use of pyruvate instead of glucose as the substrate may explain the results of the API system tests.
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The API 5OCHB system gave variable fermentation reactions for many of the carbohydrates. Definite differences were noted between groups 1 and 2 for the fermentation of lactose, mannitol, melibiose, N-acetylglucosamine, raf€i-nose, and starch. According to the API 5OCHB system, groups 1 and 2 did not ferment adonitol, L-arabitol, dulcitol, D-and L-fucose, inulin, 2-and 5-ketogluconate, D-lyxose, melezitose, a-methyl-D-mannoside, P-methyl-xyloside, Lsorbose, D-tagatose, and L-xylose.
The major groups, groups 1 and 2, closely resembled each other morphologically and shared many biochemical and physiological characteristics. Group 1 strains grown on nutrient agar had cell widths of 0.4 to 0.8 p,m, and group 2 strains grown on the same medium had cell widths of 0.6 to 1.0 Fm. Both groups were peritrichously flagellated. On nutrient agar supplemented with MnSO,, they produced terminally or subterminally located oval or cylindrical spores that measured 0.6 to 0.8 by 1.3 to 1.7 p,m; the sporangia were slightly swollen or not swollen at all.
Young cells of both groups were gram positive. With increasing age the cells became gram variable and finally gram negative. The KOH and aminopeptidase tests were negative, as is typical for gram-positive organisms. Vegetative cells of all strains contained diaminopimelic acid in their cell walls.
Biochemically and physiologically, all group 1 and 2 strains formed catalase; fermented D-fructose, D-glucose, and trehalose; were facultatively anaerobic; grew at pH 5.7; and hydrolyzed DNA and hippurate. None of the strains grew in the presence of 3% NaCl or lysozyme; hydrolyzed casein, chitin, egg yolk lecithin, or gelatin; produced dihydroxyacetone, H,S, or indole; or decomposed arginine, lysine, ornithine, phenylalanine, tyrosine, or urea.
DISCUSSION
Analyses of DNA relatedness levels and phenotypic similarity demonstrated five distinct groups among the 90 B . coagulans sensu lato strains which we studied. Since it includes the type strain (NRRL NRS-609), DNA relatedness group 1 represents B . coagulans sensu stricto. Groups 3 and 5 are B . licheniformis and B . steurothermophilus, respectively. Groups 2 and 4 are apparently not closely related genetically to any of the currently recognized species that have G+C contents in the 37-to 40-mol% range or grow at 50 The pH values in Voges-Proskauer broth were 4.0 to 4.4 (group l), 4.3 to 4.7 (group 2), 5.1 to 6.6 (group 3), 6.6 to 7.0 (group 4), and 4.2 to 5.8 (group 5 ) .
to 60°C or both ( Table 2 ). The data suggest that groups 2 and 4 may be strains of yet-unnamed species. The gathering of numerous strains of five separate species within the B . coagulans sensu lato group partially accounts for the observation of variants or subgroups by some workers (18, 23,51). Some of the phenotypic differences reported by Wolf and Barker (51) are noted when two major clusters (groups 1 and 2) are compared ( Table 4) . For example, the data reveal that B . coagulans sensu strict0 strains (group 1) produce acetylmethylcarbinol; coagulate milk; are oxidase negative; hydrolyze starch and pullulan; frequently ferment cellobiose, lactose, and salicin; grow in the presence of 0.02% azide; and grow variably at 60°C and not at all at 65°C. Group 2 strains grow at 60°C and variably at 65"C, are oxidase positive, and are essentially negative for the other characteristics. The group 1 strains observed in this study are very similar to the type B organisms of Wolf and Barker (51), group 2 strains correspond to the type A strains, and groups 3 through 5 may be the same as the intermediate types.
Although intermixing of species has made B . coagulans sensu lato a phenotypically heterogeneous taxon, the separation of species circumscribed on the basis of DNA relatedness has not necessarily yielded phenotypically homogeneous groups. As shown in Table 4 , the two major clusters, groups 1 and 2, give variable reactions for nitrate reduction, maximum growth temperature, and, especially, sugar fermentation tests.
The strains studied by Gordon et al. (18) all produced acetylmethylcarbinol, grew in the presence of 0.02% azide, acidified litmus milk (one exception), and hydrolyzed starch. These workers appear to have fortuitously selected only group 1 organisms for their study. Even among those strains variable reactions were observed for the fermentation of 0  100  100  100  100  0  22  0  22  0  22  0  22  100  33  33  89  44  55  100  67  100  99  100  0  0  67  78  0  0  44 arabinose, mannitol, and xylose; for the utilization of citrate; for the reduction of nitrate to nitrite; and for the hydrolysis of casein. Thus, for both B . coagulans sensu strict0 and group 2 strains, certain characteristics are inherently variable.
Because group 2 constitutes a major portion of the B. coagulans sensu lato group, efforts have been made to determine its taxonomic position. As shown in Table 3 , group 2 is not closely related genetically to organisms that have G+C contents of 37 to 44 mol% or grow at 50°C or both (namely, B. alcalophilus, B. azotoformans, B. badius, B .  firmus, B. globisporus, B . laterosporus, B. macquariensis,  B. marinus, B. megaterium, B. pumilus, and B. subtilis) . In addition to their inability to grow at 6WC, these organisms are distinguishable from group 2 strains by the key characteristics listed in Table 6 .
Group 2 organisms are also phenotypically distinct from previously described thermophilic Bacillus spp. (Table 7) . In contrast to group 2, the known thermophiles are generally strictly aerobic, have G + C contents ranging from 45 to 68 mol%, and do not grow at 25°C. Furthermore, the lowering of the pH in Voges-Proskauer broth to 5.0 or less and hydrolysis of casein differentiate B . stearotherrnophilus, Bacillus thermoglucosidasius, and B . brevis from group 2 . B. stearothermophilus and B. thermoglucosidasius are further distinguished by their inability to grow at pH 5.7 and their ability to hydrolyze gelatin. In contrast to group 2 strains, Bacillus schlegelii and Bacillus tusciae are facultatively chemolithoautotrophic and reduce nitrate to nitrite. The acidophilic nature of Bacillus acidocaldarius further differentiates it from the group 2 organisms.
On the basis of the data, we consider group 2 organisms to be strains of a new species, for which we propose the name Bacillus smithii. A description of this species is given below.
Bacillus smithii sp. nov. Bacillus smithii (smi'thi.i.L. gen. n. smithii named after Nathan R. Smith, the American bacteriologist who has made fundamental contributions to the taxonomy of Bacillus) vegetative cells are rods that measure 0.8 to 1.0 by 5.0 to 6.0 km and are motile by peritrichous flagellation. Oval or cylindrical endospores (0.6 +, Positive for 290% of the strains; -, negative for 290% of the strains; d, positive for 11 to 89% of the strains: ND, not done. Strains of these species growing autotrophically with H, + C 0 2 have not been isolated.
The G + C content of the type strain is 51.9 mol% (16). Data from reference 16. to 0.8 by 1.3 to 1.5 pm) are produced terminally or subterminally in nonswollen sporangia or in some cases slightly swollen sporangia. The cell walls of vegetative cells contain diaminopimelic acid. The main menaquinone is MK-7; also present is MK-6. Agar colonies are nonpigmented, translucent, thin, smooth, circular, and entire and measure about 2 mm in diameter.
Chemoorganotrophic. Facultative thermophile. Grows at 25 to 60"; most strains grow at 65°C. Facultatively anaerobic. Grows at pH 5.7; does not grow at pH 4.5 or 7.7 in nutrient broth. Does not grow in the presence of 3% NaC1, 0.001% lysozyme, or 0.02% azide (except two strains). Acetylmethylcarbinol, H,S, and indole are not produced. In VogesProskauer broth, the pH ranges between 4.3 and 4.7.
Catalase and oxidase are produced. Nitrate is not reduced to nitrite. Casein, chitin, egg yolk lecithin, and gelatin are not hydrolyzed. Starch is weakly hydrolyzed. Hydrolysis of pullulan and esculin is variable. DNA and hippurate are hydrolyzed. o-Nitrophenyl-p-galactosidase is not produced.
Utilization of citrate and propionate is variable. Acetate, fumarate, malate, and succinate are utilized.
Arginine dihydrolase, lysine and ornithine decarboxylases, phenylalanine and trytophan deaminases, and urease are not produced, Tyrosine is not decomposed.
Litmus milk is not coagulated or acidified, but is usually alkalized.
Acid but no gas is produced from D-fructose, D-glucose, The DNA buoyant density range for 21 strains was 1.6917 to 1.6940 g/cm3, and the G+C contents determined from these values ranged from 38.1 to 40.4 mol%. As determined by the thermal melting point method the G+C contents ranged from 38.7 to 39.7 mol% (five strains tested).
Isolated from evaporated milk, canned foods, cheese, and sugar beet juice from extraction installations.
The type strain is NRS-173, which has been deposited as strain NRRL NRS-173 in the Agricultural Research Service Culture Collection, Peoria, Ill.
Description of the type strain. The type strain has the characteristics of the species; with respect to the variable characteristics, it ferments L-arabinose, D-galactose, maltose, mannitol, glycogen, D-ribose, and L-rhamnose. Citrate and propionate are utilized. The G+C content is 40.2 mol%. This strain was isolated from cheese.
